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SUMMARY

AN UY P O

An investigation of the effects of aerodynamic heating on the flut-
ter of multibay external-skin panels has been carried out at a Mach num-
ber of 3.0 in the Langley 9- by 6-foot thermal structures tunnel. Both

- aluminum-alloy and 17-7 PH stainless-steel panels with a length-width
ratio of 10 for each bay were tested at dynamic pressures between
1,500 psf and 5,000 psf and at stagnation temperatures up to 660° F. In
- addition, a few tests were made on the lower vertical stabilizer of the
X-15 airplane which has external-skin panels unsupported for a length
10 times the width.

All panels showed flutter boundaries characterized by an increase
in panel thickness required to prevent flutter with increasing thermally
induced stress prior to buckling. After buckling the panels showed
flutter boundaries characterized by a decrease in thickness required to
prevent filutter with further increases in thermal stress. The largest
thickness required to prevent flutter in the presence of aerodynamic
heating occurred at the transition between the flat~panel boundary and
the buckled-panel boundary. This peak value (for aluminum-alloy panel)
was as much as 60 percent greater than the extrapolated value for an
unheated, unloaded panel.

Values of the modified-thickness-ratio flutter parameter for the
unstressed panels (obtained by extrapolation) were in fair agreement for
the aluminum, steel, and X-15 stabilizer panels. Peak values at transi-
tion, however, showed large differences due to apparently minor changes
in panel-support construction and/or changes 1n panel-skin material.

- INTRODUCTION

- Panel flutter is presently recognized as a critical problem area
for supersonic and hypervelocity vehicles as evidenced by the fact that



several current airplanes have recently encountered panel flutter in
flight at supersonic speeds. (See ref, 1.) In addition, wind-tunnel
tests on the full-scale vertlcal tail of the X-15 alrplane have shown
certain panels to be susceptible to flutter within the operating range
of the alrplane. (See refs. 2 and 3.) 1In particular, panels on the
vertical stabilizer with a length-width ratio of 10 were found to be
susceptible to flutter at a Mach number of 3.0 under conditions of aero-
dynamic heating. Because aerodynamic heating can alter panel stiffnesses
due to thermal stresses or buckling, the panel flutter characteristics
would be expected to be affected directly by such heating., Therefore,

an experimental investigation has been conducted in the Langley 9- by
6-foot thermal structures tunnel on multibay skin panels having the same
length-width ratio as the side panels on the X-15 vertical stabilizer

in order to study thelr flutter characteristics and to establish the
effects of aerodynamic heating on the flutter boundaries. A few tests
have also been made on the full-scale vertical stabilizer.

Three series of multibay panels have been investigated. Two series

of panels had aluminum-alloy skins and a third serles had skins of

17-7 PH stalnless steel., For all panels, the lateral-edge supports were
designed to provide some rotaticnal restraint and to permit partial
thermal expansion. Test results for one set of aluminum-alloy panels,
which had somewhat flexible supports at the leading and tralling edges,
are reported in reference 4. The second series of aluminum-alloy panels
and the steel panels were more nearly fixed against rotation and thermal
elongation at the leading and trailing edges; the results of tests of
these panels are reported herein,

The present investigation was conducted at a Mach number of 3.0,

at various dynamic pressures, and at stagnation temperatures up to 660° F.

Tests were made on two- and four-bay panels of both aluminum-alloy and
17-7 PH stalnless steel and on the actual full-scale vertical stabilizer
of the X~15 airplane. For all panels considered in the present report,
the unstiffened skin between supports was considered to act structurally
as an independent panel so that each bay had a length-width ratio of 10.
Panel-surface temperatures were measured by means of thermocouples, fre-
quencies were measured by inductance-type plckups, and high-speed motion
plctures were used to study the flutter modes.

SYMBOLS

E Young's modulus of elasticity
f frequency of flutter

1 panel length in direction of flow

N
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M Mach number

P static pressure
Py total pressure
Ap differential pressure across panel skin, positive when bay

pressure 1s greater than free-stream pressure

q dynamic pressure

T temperature of panel skin

Ty initial temperature of panel skin

Ty stagnation temperature

AT incremental temperature T - Ty

AT critical buckling temperature of panel skin
t time

w unsupported bay width, perpendicular to flow
a coefficient of thermal expansion of material

B=\fM2-1

€x

Ox

T

>0y

strain in longitudinal direction
panel midplane stress

panel-skin thickness

PANEL DESCRTPTION

All panels used in this investigation were of multibay, skin-
stiffener-type construction and had skins of 2024-T3 aluminum alloy
and 17-7 PH stalnless steel. For each panel the skin was attached by
two rows of rivets at the leading and trailing edges and by a single
row of rivets to longltudinal channels which formed the ribs; the ribs
separated the panels into either two or four bays. The skin covering
each individual bay had a length-width ratio of 10.



Aluminum-~Skin Panels

Geometrical detalls of the two- and four-bay aluminum panels des-
ignated 2-A and 4-A, respectively, are shown in figures 1(a) and 1(b),
and a photograph of a four-bay panel 1s shown in figure 2. The two-
and four-bay panels differed in panel length, depth of the panel-skin
supports, and in the edge support attachments because of differences in
construction of the test fixtures used for mounting the panels. The
nominal panel lengths were 27 inches and 26 inches for the two- and
four-bay panels, respectively. (See table I.) Dimensions for the longi-
tudinal channels and Z-section supports at the leading and trailing edges
are given in figures 1(a) and 1(b). Steel channels were riveted trans-
versely to the bottom of the longitudinal channels to provide support
for mounting the instrumentation. The spacer between the outside ribs
and the streamwise-edge support angle shown in flgure 1(a) for panels 2-A
was omitted in the edge attachment for panels 4-A. (See fig. 1(b).) The
edge support angle was attached directly to the test fixture for the two-
bay panels but was attached to a steel filler plate for the four-bay
panels. A 0.05-inch gap was provided between the streamwise edges and
the filler plate to permit some thermal expansion; whereas, the attach-
ment at the leading and trailing edges provided approximately a clamped-
end conditlion. For the two-bay panels, bakelite insulation was provided
beneath the skin at the leading and trailing edges but was omitted for
the four-bay panels. Skin thicknesses for the two- and four-bay aluminum
panels are given in table I.

Steel-Skin Panels

One panel with two bays and two panels with four bays were fabri-
cated by replacing the aluminum-alloy skin with a 0.020-inch-thick
17-7 PH stainless-steel sheet, so that support construction was the same
as shown in figures 1(a) and 1(b). These panels have been designated
2-S and h—Sl in the table and figures. In addition, a four-bay steel-

skin panel, designated h-Se, was fabricated with a length of 28 inches
between rivet rows and is shown in figure 1(c). For panels 4-S,, the

7-sections interfered with the test fixture and were omitted. Instead,
the leading and trailing edges were fastened directly to the panel
holder but were insulated from it by bakelite strips.

X-15 Stabilizer Panels

Pertinent dimensions and detalls of the all-movable portions of the
lower vertical stabilizer of the X-15 airplane are shown in figure 3.
The stabilizer is shown inverted in figure 3(a) to correspond to the
manner in which it was mounted for testing in the Langley 9- by 6-foot
thermal structures tunnel. (See fig. 4.) The skin of the vertical sides
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of the stabllizer consists of a sheet of 0.030-inch-thick Inconel X,
flush riveted to the main spar, ribs, and trailing bulkhead, and a sheet
of 0.037-inch-thick Inconel X between the main spar and leading edge.
Five ribs separated the internal volume into four bays. An additional
corrugated stiffener sheet was spot-welded to the skin in bays numbered
one and four. (See fig. 3(a).) The present investigation is concerned
only with that portion of the unstiffened skin panels of the two center
bays beyond the main spar, the dimensions of which are shown in fig-

ure 3(a). Along the streamwise edges the skin was attached by a double
row of rivets to a rib cap; the rib cap was welded to a corrugated angle
which, in turn, was welded to the corrugated ribs. (See fig. 3(b).) A
double row of rivets attached the skin panels to the main spar and
trailing-edge bulkhead. The maln spar was the main load-carrylng struc-
ture and was very stiff, whereas the bulkhead was formed of two corru-
gated sheets spot-welded together. The stabilizer was mounted in the
test section by bolting the maln spar to the tunnel floor and was further
restrained by steel angle shoes along each side. (See fig. 4.) The
shoes were bolted to the tunnel floor but not to the stabillzer.

APPARATUS AND TESTS

All tests were conducted in the Langley 9- by 6-foot thermal struc-
tures tunnel, an intermittent blowdown facility exhausting to the atmos-
phere through a diffuser. This tunnel has a test-section Mach number
of 3.0 and the capability of providing stagnation temperatures up to
660° F, so that true flight simulation at an altitude of 30,000 feet can
be realized. A more detalled description of the tunnel and its operation
is given in reference k.

Vertical Panel Holder

One test fixture was essentially a two-dimensional alrfoil which
spanned the tunnel from top to bottom, a distance of 6 feet. The cross
section was unsymmetrical and had a sharp leading edge beveled on one
side and a plane surface from leading edge to the blunt trailing edge
on the other. A recess in the unbeveled slde, 29 inches by 30 inches,
permitted flush mounting of the test panels. (See fig. 5.) Pneumatically
operated doors were installed during the course of the investigation to
protect test panels from transient loading durlng the tunnel start and
shutdown. A detailed description of the panel holder and the flow con-
ditions over the surface occupied by the panels is given in reference U4,



Horizontal Panel Holder

This test fixture was designed to provide uniform flow conditions,
unaffected by the thick test-section wall boundary layer, for tests of
semlspan wings and control surfaces. The fixture was modified to allow
flutter tests of the two-bay panels., The panels were mounted flush with
the flat horizontal surface, which had a hexagonal planform (see fig. 6)

and was supported 7% inches above the tunnel floor. Pressure surveys

over the surface occupied by the panels showed that the static-pressure
ratio p/pt varied only #0.0019 from the average static-pressure ratio.

The well below the test panel was sealed from the tunnel airstream except
for a vent door on the underside which was used to control the air pres-
sure in the well. No provision was made for protection of the panels
from the tunnel starting loads.

Test Technique

Severe turbulence resulting from flow separation from the tunnel
walls accompanied passage of the normal shock wave during start and
shutdown of the tunnel and imposed abnormal loads on the test panels.

In some cases this transient loading during the tunnel start damaged
the test panels and invalidated the test results. It was also found
that aerodynamic heating of the panels during the time required to start

the tunnel (approximately 1% seconds) could initiate flutter before the

desired test conditions could be established. For a few of the first
series of tests in which the vertical panel holder was used, the test
panels were protected from starting loads by a boilerplate shield which
was released by the firing of explosive bolts after the tunnel had
started., Later, the pneumatically operated doors (shown in the open
position in fig. 5) were installed in such a manner as to enclose the
panels completely and protect them from aerodynamic loading and heating
during tunnel start and shutdown. Such methods were impractical for use
with the horizontal panel holder. However, a row of small orifices in
the test-fixture surface upstream of the panel leading edge permitted
film cooling of the skin by injection of water into the boundary layer.
This cooling protected the test panels from aerodynamic heating during
the tunnel start and until the desired flow conditions were obtained.

Fast, accurate control of the air pressure on the backface of the
panel was required because of the sudden drop in test-section static
pressure during the tunnel start., This pressure change, which exceeded
10 psi and took place in less than L% seconds, was sufficlent to deform
the panels unless followed closely by the change in pressure in the
cavity behind the test panel. Preset vent doors on the back side of
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the vertical panel holder and on the lower side of the horizontal panel
holder prevented pressure bulldup during the tunnel start. These doors
were operated electrically during tests to control the pressure differ-
ential across the panel skin.

The X-15 vertical stabilizer panels were unprotected from translent
loading conditions or heating during the tunnel start or shutdown. How-
ever, no damage to the panels was discernible after completion of the
tests. Each bay was vented through doors cut in the base bulkhead. In
order to limit the base pressure, a large steel box was mounted close
to the stabilizer base as can be seen in figure 4. The side and top
surfaces of the box were parallel and In line with the side panels and
closure rib of the stabilizer. The box prevented the standing tunnel
shock wave (which is located just downstream of the test section at the
minimum tunnel operating pressure) from affecting the stabillzer base
pressure by pressure propagation upstream in the subsonic wake. As a
result, the stabilizer internal bay pressure was close to the free-
stream static pressure for all test conditionms.

All tests were conducted at a Mach number of 3.0 and at dynamic
pressures between 1,500 psf and 5,000 psf. The stagnation temperature
was held constant for each run at a predetermined value between 215° F
and 660° F. The dynamlc pressure was varied during some tests, usually
after flutter had started.

INSTRUMENTATION

Inductance-type deflectometers attached to the panel supporting
structures were used to determine panel-skin deflections by measuring
the change in inductance as a function of the distance between the panel
skin and pickup. The pickups were positioned approximately one-quarter
inch from the panel skin at locations shown in figure 7 for the two-
and four-bay panels and in figure 3(a) for the vertical stabilizer. In
addition, strain gages were mounted on the inside skin surface of the
X-15 stabilizer in order to provide additional frequency information.
Iron-constantan thermocouples were spot-welded to the panel skins at
locations also shown in figures 7 and 3(a). However, for the aluminum-
alloy panels, all or most of the thermocouples became detached during
testing. Strain-gage-type pressure transducers were used to measure
the pressures in the cavity back of the two- and four-bay panels and
within the X-15 vertical stabllizer. Temperature and pressure data wvere
recorded by means of a high-speed digital magnetic-tape recording system.
Deflectlion data were recorded on high-speed oscillographs. In addition,
motion-picture coverage of all tests was provided by high-speed 16-millimeter
cameras capable of taking 3,000 frames per second. Panel skins were painted
with grid lines for photographic purposes.



RESULTS AND DISCUSSION

References 2, 3, and 4 have shown that aerodynamic heating could
initiate flutter of an initially flat panel under conditions of dynamic
pressure and Mach number for which the unheated panel would otherwise
be stable; in addition, it was found that heating could stop flutter.
The basic data for this Investigation are presented in table I for the
two- and four-bay aluminum-alloy panels, the steel panels, and the X-15
stabllizer panels, respectively. The data tabulated for the start and
termination of flutter are the dynamic pressure g, the panel differ-
ential pressure Ap, the incremental skin temperature AT (a2 measure
of the midplane thermal stress for any given panel), and the modified-

1/3
E
thickness~-ratio flutter parameter (%I) % given by theory. Those

instances for which no flutter data are shown indicate elther that flut-
ter started before uniform flow conditions were established or that flut-
ter was stopped only by termination of the test. Footnote reference
marks on values of the dynamic pressure indicate increasing or decreasing
dynamic pressure at the time flutter started or was terminated. The

absence of a footnote reference mark indicates that q was constant and,
hence, at the time flutter started or stopped, only the skin temperature
was changing.

Presented in figures 8 to 11 are variations with time of model and
wind-tunnel pressures and temperatures for four typical tests. The
variables are shown for two tests of a two-bay aluminum-alloy panel in
the horizontal panel holder, first without film cooling (fig. 8), then
with film cooling (fig. 9). Figure 10 shows a typical variation of the
test variables for a test of a four-bay steel panel made in the vertical
panel holder affter the installation of protective doors. A similar plot
is shown in figure 11 for test 1 of the X-15 lower vertical stabilizer.
Certain detailed results of the tests need to be examined before the
overall panel flutter boundaries are discussed.

Panel Temperatures

The measured temperature data of the present investigation are
incomplete because of the high thermocouple mortality rate mentioned
previously. The temperatures presented in the table and figures of
this report are, in many cases, based on the reading of only one thermo-
couple located midway between ribs., More complete temperature data pre-
sented for similar panels in reference 4, however, have shown no appreci-
able variation of the bay center-line temperature in the streamwise
direction.
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Prior to the start of a test, the panel skin and supporting struc-
ture were at essentially the same temperature., For panels that were
unprotected in any way during tunnel start, the skin temperature began
to rise as soon as the air started to flow (figs. 8 and 11) and increased
as much as 50° F in the time required to attain test conditions. Fig-
ure 9 shows that when film cooling was used (all tests of two-bay panels
except tests 2, 3, and 11), no appreciable temperature rise occurred until

the water was shut off <t =2 2% seconds). Although the protective doors

(used for all tests of four-bay panels) did not provide an airtight seal
from the airstream, any skin temperature increase prior to opening of
the protective doors was usually insignificant.

The initial rapid increase in temperature of the panel skin shown
in figures 8 to 11 was, of course, not typical for the supporting struc~
ture as indicated in figure 10, which shows that the temperature of the
longitudinal supports increased rather slowly after the panel was exposed
to the flow. Reference 4 indicated that an appreciable spanwise gradient
in the skin temperature exists due to the heat-sink capacity of the longil-
tudinal supports. Hence, the thermally induced midplane stress was not
entirely uniform throughout the panel skin. This factor affects the
accuracy of the calculations of panel-buckling temperature discussed in
the next section.

Flutter Parameters

The panel flutter boundaries obtained in this investigation are
presented in terms of the modified-thickness-ratio flutter parameter

1/3
(%%) % and the ratio of the panel-skin-temperature increment to the
calculated buckling temperature A@/chr in the absence of airflow.

. . o ATwe i
The nondimensionalized temperature parameter ———— used in reference b4

T

was found to be inadequate because of differences in panel-support con-
struction for the various panels of the investigation. For example,
variations in depth of the rib channels for two- and four-bay panels
appreciably affected the rotational restraint of the streamwise edges
as did changes in the ratio of the panel-skin thickness to rib thickness.
Variations in panel-edge rotational restraint, however, are accounted
for in calculation of the buckling temperature.

The buckling temperatures presented in table I were computed with
the use of the charts of reference 5 on the basis of no flow past the
panel. For these calculations, the panels were treated as having an
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infinite length (an assumption frequently made for panels having a
length greater than four times the width), and it was assumed that
both the strain in the longitudinal direction ey and the stress

in the lateral direction Oy were zero. Moreover, the panel skin was

assumed to be heated to a constant temperature throughout, but the panel
supports were assumed to have remained at the initial prerun temperature.
These last assumptions were not precisely met, as was dlscussed in the
section entitled "Panel Temperatures"; in addition, variations in panel
construction caused some uncertainty 1n the accuracy of the calculated
buckling temperatures. For example, the spacer between the outside rib
channels and the attaching heavy angle support was omitted on the four-
bay aluminum-alloy panels (see fig. 1(b)); therefore, thermally induced
lateral stresses may be greater for the four-bay panels than for the two-
bay panels. Also, the leading and trailing edges were not fully clamped
or completely fixed against thermal expansion, while the riveted attachment
of the skin to supporting channels departs from the idealized attachment
assumed in reference 5. Although the effects of departures from the
assumptions used in calculating the buckling temperatures are not pre-
cisely known, the errors in the calculated temperatures are consistent,
except possibly for those panels for which the spacers were omitted.
Hence the temperature ratio AE/ATcr is considered to be a valid param-
eter and prior to buckling 1s directly proportional to the ratio of the
panel midplane stress to the critical buckling stress in the absence of
airflow,

Flutter Behavior

Observation of high-speed motion-picture film indicated that flutter
for all panels was of the sinusoldal traveling-wave type, and the flutter
mode appeared to be similar to the buckling mode. The aluminum-panel
flutter mode consisted of approximately eight longitudinal waves and one
lateral half-wave. Although the flutter and buckling modes for the steel
panels appeared to be similar to those of the aluminum panels, the wave
amplitudes were too small to permit certain definition. In the case of
the X-15 stabilizer panels, motion-picture film coverage was inadequate
for comparison of the flutter and buckling modes with those of the
models. The flutter amplitudes for all panels were greatest near the
trailing edges where motion, in general, was more erratic.

Throughout the investigations the deflectometer records showed the
same types of flutter behavior described for the aluminum panels of
reference 4. At the start of flutter of the initially flat, unbuckled
panels, the motlon was sinusoidal and tended to increase uniformly to a
constant amplitude., After a few seconds the motion became nonuniform,
beats developed, or the motion became erratic. Sometimes intermittent
osclllations were noted before flutter stopped with the panel in a
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buckled condition. The aluminum panels (of present report) showed a
tendency to develop beats (fig. 12) soon after flutter started and also
to stop fluttering more abruptly. The steel panels (fig. 13) as well
as the X-15 stabilizer panels, however, showed generally more erratic
behavior with a reduction in frequency and intermittent oscillations
near termination of flutter by buckling.

Flutter of Aluminum-Allcy Panels

The differential pressure was not considered to be a varlable in
the present investigation; however, Ap was not well controlled in all
tests, as can be seen from table I. In some instances, this resulted
from occurrence of flutter early in the test before adjustment of the
pressures could be made. In others, inaccuracles in the indicators used
to determine the adjustment necessary caused incorrect settlngs to be
made. An attempt was made to remove at least the first-order effects
of differential pressure. Because the panel loading due to differential
pressure directly affects the panel midplane stress, any correction for
effects of Ap should be applied directly to the temperature ratio
Am/chr, which is proportional to the stress ratio. For flat panels
in compression, a differential pressure loading will reduce the midplane
stress. For buckled panels the effect is less certain; however, ref-
erence 6 has shown that for a buckled panel a pressure differential can
inhibit flutter.

1/3
Values of the modified-thickness-ratio flutter parameter <E§) %
were plotted against the values of the temperature ratio AT/ATcr; the
values of Am/amcr were obtained from table I and are uncorrected for
Ap. Curves were falred through the plotted data and emphasis was placed
on data points at or near zero Ap. The differences between the flutter-
start data points and the faired curve are plotted in figure 14(a) as a
function of the absolute value of Ap. This figure shows a definite
trend in the variation of the incremental value of the temperature ratio

with lApI. The curve drawn through the data points of figure 1lk(a) was

used to determine correction factors which were applied to the original
values of AT/AT.r obtained from table I. The modified thickness ratio

is plotted against corrected values of Am/Amcr in figure 14(Db).

Effects of aerodynamic heating.- Figure 14(Db) shows the effects of
aerodynamic heating on the flutter of aluminum-alloy, multibay panels.
The open symbols show the start of flutter resulting from increases in
panel temperature or in dynamic pressure, or in both. The solid symbols
show the conditions at which flutter was terminated by further increases
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in panel temperature or decreases in dynamlc pressure. Two distinctly
different flutter boundaries, similar to those found in reference &4,
are described by the open and solid symbols. As was the case in this
reference, the open symbols define the flat-panel flutter boundary,
since no buckling prior to the start of flutter was evidenced in the
deflectometer records or high-speed motion pictures. The boundary
described by the solid symbols separates a region of flutter from a
region in which the panels were buckled and stable. As shown in ref-
erence 4, this latter boundary may be approached from above and is
therefore the buckled-panel flutter boundary. Since the temperature
ratio used in figure 14 is proportional to the ratio of the panel mid-
plane stress to the stress required to buckle the panel in the absence
of airflow, the flutter boundaries may be interpreted in terms of the
panel stress. The figure shows that the flat-panel boundary is char-
acterized by an increase in thickness regyuired to prevent flutter with
an increase in thermally induced stress, whereas the buckled-panel
boundary shows a decrease in required thickness with increasing thermal
stress.

Outside of the flutter region, conditions for actual buckling of
the panel are undefined except in the immediate vicinity of the inter-
section of the flat-panel and buckled-panel boundaries. It may be noted
that this intersection or transition peak occurs at temperatures greater
than the calculated buckling temperature in the absence of airflow and,
hence, supports the premise of reference 7 that the presence of super-
sonlc flow tends to suppress panel buckling. The transition peak occurs
at values of the flutter parameter 60 percent in excess of the extrapo-
lated value for an unheated panel and thus represents a large increase
of thickness required to prevent flutter in the presence of aerodynamic
heating.

The data for two-bay and four-bay panels in figure 14(b) show no
systematic differences within the scatter of the data and apparently
have the same flutter boundaries. No differences would be expected as
long as individual bays can be considered as individual panels and
adequate compensation for differences in construction is provided by
the parameters. Actually, the differences in fabrication, together with
Inaccuracies in temperature measurements and in compensation for differ-
ences in the pressure differential across the panel, are believed to
contribute most to the scatter.

Effects of panel stiffeners.- A few tests of the effectiveness of
simple stiffeners for prevention of flutter were made. Each bay of a
2-A panel was modified with a Z-section stiffener placed crosswise to
the flow direction at the midlength locatlon. One flange of the Z-section
was attached to the skin by a single row of rivets and the other flange
was riveted to one of the steel crossmembers of the frame; however, the
webs of the Z-sections were not attached directly to the longitudinal
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channels. Such conditions probably imposed little rotational restraint
on the panel skin at the line of attachment. The results are shown in
figure 15, which also reproduces the faired boundaries from figure lh(b).
No appreciable effect on the flutter boundaries was shown by the "start"
or "end of flutter" symbols, and the lateral stiffener was, therefore,
completely ineffective in stiffening the panel against flutter.

A single angle stiffener was riveted to the panel skin along the
longitudinal center line of each bay. The stiffener was 7/16 inch deep
and was supported only by the skin. Although the stiffener welght was
only 28 percent that of the panel skin, the moment of inertia of the
skin plus stiffener was 135 times that of the skin alone (based on the
original panel width). The data show that stiffening the panel greatly
increased its resistance to flutter in the original mode. Flutter was
successfully prevented for the test conditions as shown by the dashed
line in figure 15. Values of the parameters are based on the dimensions
and calculated buckling temperature of the original, unstiffened panel
and, therefore, represent the higher dynamic pressure for which flutter
was prevented. This increase in dynamic pressure for which flutter was
prevented was substantially greater than would be indicated by the flut-
ter correlation of reference 2 if the stiffener was assumed to reduce
effectively the individual panel width by a factor of one-half. Hence,
if it is assumed that further heating of the panel would not cause flut-
ter, some deficiency of the flutter correlation of reference 2 is
indicated.

Edge restraint.- Unexpectedly large differences in flutter char-
acteristics, resulting from apparently minor differences in panel-support
construction, are shown in figure 16, which compares the flutter bound-
aries of figure 14(b) with those reported in reference 4. The investi-
gation of reference 4 was carried out concurrently with the present
investigation and the panels tested were similar to the four-bay alumi-
num panels of the present tests, except for the support of the leading
and trailing edges. For the panels of reference 4k, the leading- and
tralling-edge Z-sections were supported from the mounting fixture by
means of a steel angle bolted to the Z-section web. This arrangement
imposed less restraint on thermal elongation, at least locally, than was
the case for the panels of the present investigation. However, the skins
were riveted to the longitudinal channels for both series of panels so
that restraint on thermal elongation of the panel skin by the relatively
cool supports was the same over most of the panel length. In calcula-
tion of the critical buckling temperatures used in figure 16, the same
assumptions were made for both series of panels; that is, lateral expan-
sion was unrestrained, whereas longitudinal expansion was prohibited
(Gy =0, e =0). Consequently, the differences in panel construction

are reflected in the data.
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series of panels were 1in close agreement up to the transition point of
the data for the present tests. However, the post-buckling boundaries
differed greatly with the result that peak values of the modified-
thickness-ratio flutter parameter were about one-third greater for the
panels of reference 4 and occurred at higher values of the temperature
ratio. These results cannot be adequately explained at present; how-
ever, the differences in panel restraints indicate some factors which
may be responsible.

The edge rotational restraints were much the same for both series
of panels because of the similar type of construction. However, the
restraint against lateral expansion was such that appreciable lateral
stress could develop in the panels of reference 4, This lateral restraint,
coupled with the partial restraint against longitudinal expansion, could
well have resulted in significantly larger values of the stress ratio
Uy/Gx prior to buckling or flutter than would be expected for the panels

of the present report. Changes in panel restralnts affecting the stress
ratio are known to have large effects on panel-buckling coefficients and
can change even the buckling mode. Hence, appreclable effects of stress
ratio on the flutter speed could be expected, particularly at transition
from the flat-panel to buckled-panel flutter boundaries and in the post-
buckled range. Unfortunately, present flutter theories are inadequate
in describing the experimentally observed flutter modes and hence yield
little definite information on how flutter characteristics should be
affected. It should be polnted out that although the experimental flut-
ter modes of the panels of the present investigation and those of ref-
erence 4 appeared to be similar, discrimination of the exact number of
half-waves between about 13 and 16 could not be accomplished because of
the high frequency of the motion (table I) and the quality of the avail-
able instrumentation.

Figure 16 shows that actual buckling in the stable region immediately
adjacent to the peak of the curves occurred at appreciably higher temper-
atures for the panels of reference 4 than for the panels of the present
report. This difference could be accounted for if the leading- and
trailing-edge supports for the panels of reference 4 permitted sufficient
relief of the streamwise thermal stress. However, calculations of criti-
cal buckling temperatures based on expansion at the leading and trailing
edges for the panels of reference 4 account for only about 20 percent
of the difference in the temperature-ratio parameter shown in figure 16,
On the other hand, the greater spanwise restraint (cy % O) for the panels

of reference 4 would reduce the reference buckling temperatures and
increase the separation of the two peaks of figure 16.
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Flutter of Steel Panels

Table I shows that the differential pressure for the start of flut-
ter of the 17-7 PH stainless-steel panels was generally large and, con-
sequently, the procedure used for correcting the temperature-ratio
parameter of the aluminum panels could not be applied to these data.
Corrections determined from figure 14(b) were arbitrarily applied to
these data and are, at least, justified by some reduction in scatter
in the resulting plot shown in figure 17. The panel-skin supports were
made of aluminum alloy and in some cases were the identical supports
used for the aluminum-skin panels discussed previously. (See fig. 1(b).)
The steel-panel boundaries, however, show a much smaller change in the

BE l/3 T . .
flutter parameter (TT) T with temperature ratio than did the

aluminum-alloy panels. This was true for both the flat- and buckled-
panel boundaries. The flat-panel boundary shows that for constant aero-
dynamic conditions only a lO-percent increase in panel thickness is
required to prevent flutter due to aerodynamic heating as compared with
60 percent for the aluminum-alloy panels. (See fig. 14.) The transi-
tion peak between the flat- and buckled-panel boundaries, however,
occurred at about the same value of temperature ratio for the steel-
and aluminum-alloy panels. Flutter modes appeared similar, but could
not be definitely established to have the same number of half-waves,
because the amplitudes were much smaller for the steel panels than for
the aluminum panels.

Reasons for differences in slope of the flutter boundaries are not
presently known. It should be pointed out, however, that although the
lateral stress o is believed to have been small and to have had
negligible effect on the calculated values of ATl.,, the edge rotational

restraint and the stress ratio qy/ax were necessarily different for

aluminum and steel skins when applied to the same panel supports. Con-
celvably, the stress ratio could directly affect the flutter dymamic
pressure with negligible change in temperature ratio. The panel skins
were made of the minimum-gage material avallable, and flutter occurred
near the maximum dynamic pressure of the tunnel so that values of the
parameter smaller than those shown in figure 17 were, therefore, unattain-
able. However, the area above the flutter boundaries of figure 17 was
thoroughly explored by tests not listed in this report, and there was

no evidence of flutter,
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Flutter of X-15 Stabilizer Panels

Effect of aerodynamic heating.- Results of tests of the X-15
vertical-stabilizer panels with length-width ratio of 10 are shown in
figure 18. These data are presented in terms of the temperature incre-
ment AT rather than the temperature ratio, because reliable calculated
buckling temperatures were not available. The edge rotational restraint
of the X-15 tail panels was believed to be not greatly different from
that of the 17-7 PH stainless-steel panels. That is, the edge rotational
restraints approached more nearly a clamped condition than a simply sup-
ported condition. The corrugated ribs to which the skin was attached
provided considerably less restraint to thermal elongation than did the
longitudinal channels of the 17-7 PH stainless-steel panels. Consequently,
direct comparison of the results 1s questionable. The data are pre-
sented, however, because they do represent full-scale results and the
material properties of Inconel X are not greatly different from those of
17-7 PH stainless steel over the temperature range of the investigation.
The data of figure 18 show about the same increase in the modified-
thickness-ratio parameter from the cold or unstressed condition (obtained
by extrapolation) to the transition peak between the flat- and buckled-
panel boundaries. The general level of the data for the vertical tail
panels is, however, slightly lower than that for the 17-7 PH stainless-
steel panels,

Although the aluminum and steel panels were not intended as scaled
models of X-15 panels, it is apparent that widely divergent flutter
results may be obtained from tests of model panels unless model and
prototype are made of the same material, have the same edge restraints,
and the same ratio of lateral to longitudinal stress.

Panel stiffeners.- In order to provide the required flutter margin
for the X-15 stabilizer side panels, stiffeners were riveted along the
lateral and longitudinal center lines of each bay. The stiffeners were
0.030-inch-thick, l5/l6-inch-deep Inconel X channels, Although the
stiffener weight was only one-third that of the panel skin, the moment
of Inertia of the stiffener and skin was increased by a factor of 1,000.
Such an increase in stiffness would imply a 10-fold increase in the
modified-thickness-ratio parameter, placing it well out of the flutter
region. If, however, the stiffener was assumed to subdivide effectively
each panel bay into four equal individual panels, then each panel would
have the same length-width ratio as the original panel, but twice the
thickness-length ratio. In this case, the modified thickness ratio is
only doubled but would still provide an adequate flutter margin.

A single test was made at a dynamic pressure of 3,200 psf and a
stagnation temperature of 500° F without evidence of panel flutter. A
trace of the variation of the thickness-ratio parameter with increase
in skin temperature for this test is shown by the dashed line in figure 18.

OWONH B
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Values of the parameter are based on the unstiffened-panel dimensions
and, as is shown by the figure, are well within the region of the
unstiffened-panel boundary. The channel stiffeners are now incorporated
in the production models of the X-15 stabilizer.

CONCLUDING REMARKS

A flutter investigation of aerodynamically heated multibay aluminum-
alloy and stainless-steel panels with length-width ratios of 10 has been
made at a Mach number of 3.0. The panels were restrained against thermal
expansion at the leading and trailing edges but permitted expansion and
some rotation along the streamwise edges. In addition, flutter results
were obtained for the full-scale X-15 vertical-stabilizer panels with
length-width ratio of 10.

All panels showed flutter boundaries characterized by diverse trends
for the panel conditions prior to and following thermal buckling. In
the flat, unbuckled condition, the panel thickness required to prevent
flutter increased with increasing thermally induced stress. Post-buckled
flutter boundaries showed a decreasing thickness required to prevent
flutter for further increases in thermal stress. The flutter boundaries
for the cold or unstressed condition (obtained by extrapolation) showed
good agreement for all panels considered. The peak thickness required
to prevent flutter in the presence of aerodynamic heating occurred at
the transition between the flat-panel boundary and the buckled-panel
boundary. This peak value (for aluminum-allocy panels) was as much as
60 percent greater than the extrapolated value for an unheated, unloaded
panel,

Peak values of the modified-thickness-ratio flutter parameter for
the aluminum-alloy panels were about one-third less than for the panels
of NASA Technical Note D-921 which differed principally in skin-support
construction. Differences in the panel-skin supports resulted in some-
what greater ratios of lateral to longitudinal stress oy/cx for the

heated panels of NASA Technical Note D-921.

The flutter boundary for the 17-7 PH stainless-steel panels was
relatively unaffected by aerodynamic heating prior to thermal buckling,
with the result that peak values of the flutter parameters were only about
10 percent greater than that for the cold or unstressed condition. Dif-
ferences in the results of the steel panels and the aluminum-alloy panels
may be attributed to differences in edge rotational restraint, stress
ratio dy/ox, or, possibly, the large values of pressure differential

that existed across the steel panels during tests.
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Flutter results for the X-15 stabilizer panels with length-width
ratio of 10 showed about the same magnitude increase in the flutter
parameter due to aerodynamic heating prior to buckling as was shown for
the steel panels. Direct comparison of flutter results, however, is
questionable because of differences 1n edge rotational restraints and
in the ratio of lateral to longitudinal stress in the panels.

Stiffeners were found to be effective in decreasing the suscepti-
bility to panel flutter if they were oriented parallel to the direction

of flow.

Langley Research Center,
Netional Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 29, 1962.
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1-60-1859 .1

Figure 5.- Panel mounted in vertical panel holder, as viewed from
upstream. Protective doors are in open position.

0911



L-1630

29

R 1 J

L-59-8116.1
Figure 6.- Panel mounted in horizontal panel holder, as viewed from
downstream.
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Figure 8.- Test conditions of two-bay aluminum-alloy panel. (Test 11.)
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(b) Variation of dynamic pressure, stagnation temperature, and skin

temperature with time.

Figure 9.- Test conditions of two-bay aluminum-alloy panel with film
cooling during tunnel start. (Test 6.)
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(p) Variation of dynamic pressure, stagnation temperature, and skin
temperature with time.

Figure 10.~ Test conditions of a four-bay steel panel with protective

doors operating.

(Test 6.)
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(b) Variation of dynamic pressure, stagnation temperature, and skin
temperature with time.

Figure 11.- Typical test conditions of the X-15 lower vertical
stabilizer. (Test 1.)
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O Two—bay panels

a Four—bay panels

B(AT/AT, )

(a) Effect of pressure differential on temperature ratio.

A5 r
Stable,buckled

Stable,flat
panel region

panel region

Flutter
(ﬁﬁj/31
q {
.06
.03 +
1 H 1 3
0 | 2 3 4 5

AT/AT .

(b) Variation of modified-thickness-ratio parameter with temperature
ratio.

Figure 1l4.- Flutter boundary for aluminum-alloy panels.



38

L-1630

*sTeued LOTTe-WNUTUNTR® JO J933NTJ UO SISUSIJTIS TBUTPNAITSUOT PUB TBISAST JO 309IJH ~°CT SIM3TJ

vy
q v € 4 I 0
I ¥ L { v 1
1 €0°
4 90~
(J4833ni) ou) I Acv
gsm |puitpni}ibuo’] pm\_ud.
7S
geM |[DJaiDpT
1¢el°
uotbsu |ound uoibau |aupnd

pa|xonqg‘s|gpnis 1p0|4“alqp3s — SI°



2

PRV V]

.08

.06

.03

Flutter

Present tests

39
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Figure 16.- Effect of end-support modification on flutter for
aluminum-alloy panels.
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